Abstract-The thermomechanical behavior of a standard singlemode fiber with different coating materials is theoretically analyzed under different temperature conditions. Results show that the thermal expansion/shrinkage of the fiber coating introduces an extra strain on the optical fiber and can modify its thermal response. Distributed fiber sensors based on coherent Rayleigh and Brillouin scatterings are employed to characterize the impact of different coatings on the temperature sensitivity. The standard coating with dual-layer demonstrates a little influence on the thermal response at room temperature due to the softness of primary coating, but it increases the temperature sensitivity by some 50% at ∼220 K as the primary coating becomes stiffer at low temperature. Optical fibers with aluminum and Ormocer coatings are also experimentally tested. All the measured results agree well with the theoretical analysis.
Distributed optical fiber sensors exploit essentially the natural scattering phenomena occurring inside an optical fiber (e.g., Raman, Brillouin, and Rayleigh scattering processes). For Raman sensing, the temperature profile along the fiber is retrieved from the optical power ratio between the anti-Stokes and Stokes (or Rayleigh) waves [2] . In the case of a Brillouin distributed sensor, the local Brillouin frequency shift (BFS) is measured to retrieve the environmental information [3] . DFSs based on coherent Rayleigh scattering respond in a manner similar to a FBG sensor, but in a distributed way: its reflection response shifts spectrally due to variations of environmental conditions [4] . All three kinds of DFSs have achieved great success working around room temperature (∼ 300 K), but they typically demonstrate a reduced sensing performance in cryogenic temperature environments. Spontaneous Raman scattering is a thermallyactivated process and therefore the corresponding anti-Stokes component vanishes at low temperature [5] . On the other hand, the temperature sensitivity of Brillouin sensors nullifies around 80 K [6] . According to the FBG sensing theory [7] , the thermal response of a coherent Rayleigh sensor is dominated by thermooptic effect, which becomes weak under cryogenic condition, so its temperature sensitivity decreases as the temperature turns low.
Whilst Raman sensors are only temperature-dependent, a relevant feature of Brillouin and Rayleigh distributed sensors is that their response depends on both temperature and strain, resulting in a cross-sensitivity that makes it impossible to discriminate one variable from another by a simple measurement procedure. Interestingly, this cross-sensitivity turns out to be beneficial to improve the temperature sensitivity of Rayleigh and Brillouin sensors, because the thermal expansion or shrinkage of the fiber coating leads to a thermally-induced strain in the optical fiber, hence enhancing the influence of temperature changes on the fiber [8] . Actually, a variety of metals and polymers with large positive coefficient of thermal expansion (CTE) have been used as fiber coatings to enhance the thermal response of different fiber sensors, particularly at low temperature [7] [8] [9] [10] [11] [12] . Note that the strain-independent response of spontaneous Raman scattering in silica fibers makes the thermally-induced strain to have no impact on the performance of Raman sensing.
Despite the extensive research on applications of special coatings for fiber sensing, the single mode fiber (SMF) with a standard fiber coating is still the most widely used in distributed fiber sensing. The standard coating usually consists of two layers: a Fig. 1 . Cross-section of single mode fiber with (a) standard coating; (b) special coating. Gray: fiber glass, light blue: primary coating, dark blue: secondary coating, purple: special coating. strong outer layer (secondary coating) protects the fiber and a soft inner layer (primary coating) adheres the outer layer and the optical fiber together [13] . Actually, the CTE of this coating is also high, but it demonstrates almost no impact on the thermal response of the fiber, because the soft inner layer hinders the thermally-induced strain transferred from the coating to the silica fiber. However, as the inner layer becomes stiffer at low temperature, the impact of the thermal expansion of the coatings can no longer be neglected [13] , and a higher temperature sensitivity can be expected.
In this paper, the impact of the thermally-induced strain on the temperature response of Brillouin and Rayleigh distributed sensors is investigated theoretically and experimentally based on the thermomechanical behavior of SMFs with different coatings. The contribution of this thermomechanical behavior to the temperature sensitivity of DFSs is investigated experimentally in a wide temperature range, from ∼ 220 K up to room temperature (∼ 300 K). The thermal response of fibers with standard, aluminum or Ormocer coating is experimentally characterized by Brillouin and coherent Rayleigh sensing techniques. A large temperature sensitivity enhancement at ∼ 220 K is experimentally confirmed for the fiber with standard coating, whilst all experimental results agree well with the theoretical analysis for different coatings under distinct thermal conditions.
II. THEORETICAL ANALYSIS

A. Thermomechanical Model
Standard fibers are usually coated by two layers of polymers, with a cross-section as shown in Fig. 1(a) . The dark blue section represents the secondary coating, which is strong enough to protect the fiber from mechanical damage [13] . The primary coating, inner layer, is however made of soft visco-elastic materials in order to reduce the attenuation caused by microbending. The Young's modulus of the inner layer is very low at room temperature but increases by three-order of magnitude at the glass transition point around 220 K [13] . Therefore, the thermal expansion of the coatings at room temperature shows a very limited impact on the opto-thermal response of the fiber in spite of the large CTE of the coating. However, the primary coating starts to exhibit a glass behavior at low temperatures, resulting in a non-negligible thermally-induced strain over the silica fiber, directly impacting the temperature sensitivity of the fiber sensors. On the other hand, special coatings usually adhere directly to the optical fiber, as shown in Fig. 1(b) . Therefore, the thermal expansion of the coating transfers directly to the fiber, modifying the thermal response of the sensor. Hence special coatings usually have a clear impact on the thermal response even at room temperature.
Based on the reported thermomechanical model [10] , [14] , the thermally-induced strain in the optical fiber with standard coating can be calculated. The optical fiber, primary and secondary coatings demonstrate different responses to the same temperature change ΔT because of their different physical properties. Thus the thermally-induced stresses in radial, tangential, axial dimensions [σ 
where i = 0, 1, 2 represents the different layers, α i is the linear CTE, ξ i and μ i are the Lamé parameters, expressed as: 
where U i , V i and W i are constants that can be determined by the boundary conditions. The continuity between different layers leads to:
where r i is the radius of the ith layer. Assuming that the fiber experiences no external forces, then
where A i represents the cross-section area of the ith layer.
Since the fiber can be considered as a long and thin cylinder, a plain strain approximation can be applied, so that [10] , [14] 
Due to the axial symmetry of the optical fiber, the thermallyinduced strain in radial direction ε 0 r and in tangential dimension ε 0 θ must keep finite at the fiber center r = 0, resulting in V 0 = 0 if the thermal load is also assumed axisymmetric.
This model can be easily adapted to analyze the fiber with special coating by neglecting the secondary layer and changing the boundary conditions accordingly. Based on the boundary conditions listed in Eqs. (3)- (6), the thermally-induced strain in the optical fiber can be numerically calculated with the corresponding fiber parameters. As mentioned above, the Young's modulus of the primary coating E 1 increases significantly at the glass transition temperature, from 1 MPa at room temperature to ∼ 2.6 GPa at ∼ 220 K [13] . The CTE of the primary coating α 1 is measured to be 2.11 × 10 −4 K −1 at room temperature and becomes 1.18 × 10 −4 K −1 in the temperature range from 223 K to 173 K [15] . In addition, according to the experiment on fused silica SRM 739 [16] , the CTE of the optical fiber α 0 is 0.45 × 10 −6 K −1 at room temperature and decreases down to 0.21 × 10
Other relevant parameters of standard SMFs, assumed temperature-independent, are listed in Table I .
In this paper, only the strains in axial and radial directions are considered because they have been proven to have a dominant influence on the thermally induced optical phase change in optical fibers [14] . At room temperature, the thermally-induced strains Δε z and Δε 0 r are calculated to be 1.78 με and −0.09 με per 1 K increase, respectively. Such small strains are due to the soft primary coating which prevents the fiber from the thermal expansion of the coating. However, large strains can be expected when the primary coating shows a glass-like response. A numerical analysis shows that a 1 K increase at ∼ 220 K introduces strains of 7.41 με and −0.46 με along axial and radial directions, respectively. The large strain is supposed to have an obvious impact on the thermal response of fiber sensors based on Brillouin and coherent Rayleigh scatterings, as it will be demonstrated hereafter.
It has to be pointed out that the temperature change may also introduce micro-bending to the fiber because of the thermal expansion mismatch between fiber glass and coating material, which is neglected in this paper. This is valid for the standard double-layer coating system at room temperature because the soft primary coating highly suppresses the micro-bending [13] , [19] . However, the primary coating becomes stiffer when the temperature is below the glass transition point (∼ 220 K), so the micro-bending loss will increase [19] and may lead to lower trace SNR, ultimately undermining the performance of the sensing system.
B. Temperature Sensitivity Enhancement for SMF With Standard Coating
For Brillouin distributed fiber sensing, the local BFS f B is measured along the fiber as a function of distance. This BFS depends on the acoustic velocity of silica, which turns out to be dependent on temperature and strain. Therefore, temperature and strain variations cause a BFS change Δf B , expressed as:
where S B T , S B ε,r and S B ε,z are the temperature, radial and axial strains sensitivities, respectively.
The temperature sensitivity S B T is a constant of ∼ 1 MHz/K from room temperature down to 150 K at a working wavelength around 1550 nm [20] . The radial and axial strain sensitivities of a Brillouin sensor are measured to be 0.05 MHz/με and 0.029 MHz/με, respectively, at room temperature for a standard SMF [21] . In addition, no large variations of S B ε,z are observed in the temperature range from 200 K to 300 K [22] and the radial sensitivity S B ε,r is assumed to have the same behavior. Equation (7) shows that the thermally-induced strain contributes to the BFS change, so that the actual temperature sensitivity can be rewritten as S ε,z and the extra thermally-induced strains analyzed in the previous section, the conventional temperature sensitivity of 1 MHz/K in a standard SMF is increased by 0.09 MHz/K and 0.36 MHz/K at 300 K and 220 K, respectively. The temperature sensitivity increase is quite small at room temperature as expected, owing to the low Young's modulus of the primary layer. But since the primary coating becomes stiffer at 220 K, it enables the strain transfer from the coatings to the fiber, resulting in a significant temperature sensitivity enhancement.
To realize distributed sensing exploiting coherent Rayleigh scattering, the Rayleigh reflection spectrum is acquired along the fiber by recording the local signal intensity within a certain optical frequency range. The stochastic density fluctuations along the fiber lead to a random longitudinal profile of refractive index, which partially reflects the incident light. Hence, the fiber used in the coherent Rayleigh sensor is usually modeled as a long, weak FBG with random amplitude and pitch [23] , [24] . The light backscattered within the pulse width interferes randomly, resulting in irregular temporal and spectral shapes. Environmental variations causing changes of the fiber refractive index, such as temperature and strain, induce a spectral shift Δf R . The frequency shift is usually determined by crosscorrelating the spectra measured in two different situations (a reference, and a current measurement condition) [25] . Coherent Rayleigh sensors actually work exactly following the same principle as a FBG, and therefore its working principle can be fully described by the well-known and well-established grating theory. For a FBG, the Bragg wavelength change Δλ B induced by temperature and strain variations is expressed as [26] :
where λ B represents the Bragg wavelength, n is the refractive index of the fiber, P 11 and P 12 are Pockel's coefficients of the stress-optic tensor, the factor {1 − n/2[P 12 − η 0 (P 11 + P 12 )]} is taken as 0.22, dn/dT represents the thermo-optic coefficient of silica, and S R T and S R ε are the corresponding temperature and strain sensitivities, respectively. The refractive index of the fiber can be calculated using the Sellmeier expansion under different temperature conditions, so that the thermo-optic coefficient is obtained accordingly [27] . It has to be pointed out that Eq. (8) considers strains not only in the axial direction, but also along the radial direction through the Poisson's ratio.
The frequency shift of the reflection spectrum in coherent Rayleigh sensing can be easily obtained by converting the wavelength change Δλ B into frequency. As a result, the temperature sensitivity is calculated to be −1.22 GHz/K at room temperature and −0.98 GHz/K at 227 K when using a light source at 1534 nm. On the other hand, the strain sensitivity of a FBG is measured as −150 MHz/με and has been proved to be temperature independent [28] . Considering the thermally-induced strains obtained above, the temperature sensitivity for a coherent Rayleigh sensor increases up to −1.48 GHz/K and −2.02 GHz/K at 300 K and 227 K, respectively. Actually, a large sensitivity at low temperature in coherent Rayleigh sensing has been already reported in the literature [29] ; however, this behavior has never been fully explained from the theoretical point of view.
III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Experiments on SMF With Standard Coating
To validate the temperature sensitivity enhancement for distributed sensing, a Brillouin optical time domain analyzer (BOTDA) [3] and a coherent Rayleigh optical time domain reflectometer (COTDR) [4] , [29] are set up to test a 14-m long SMF with standard coating. A laser working around 1534 nm is employed as a light source in the two cases. Optical pulses with high extinction ratio are generated with a width of 17 ns, corresponding to 1.7 m spatial resolution. The sensing fiber has been loosely coiled inside a copper box so that the longitudinal temperature gradients along the sensing fiber are highly suppressed. For room temperature measurements, the box has been placed in a thermal bath with a tunability of 0.1 K, so that a uniform temperature distribution along the entire sensing fiber is obtained thanks to the large heat capacity of water. In addition, the thermal exchange between water and ambient air is highly reduced, providing stable temperature conditions for the measurements. On the other hand, liquid nitrogen is used for low temperature sensing, whilst large temperature changes are realized by adjusting the copper box elevation above the liquid nitrogen level.
The local BFS is determined by parabolic fitting of the Brillouin gain spectrum [30] . The BFS averaged along the sensing fiber is plotted as a function of temperature in Fig. 2 , where two distinct regions are clearly observed. The corresponding temperature sensitivity is 1.1 MHz/K from 260 K to 300 K, very close to the theoretical result ∼ 1.05 MHz/K. On the other hand, a steeper slope is observed around 220 K, representing a higher sensitivity (1.5 MHz/K). The theoretical value expected from the analysis in Section II (∼ 1.36 MHz/K) is about 10% lower than the measurement result, which might be explained by discrepancies between coating parameters (e.g., composition and thickness) used in the theoretical analysis and those of the real fiber employed in the experiment. Experimental result confirms the temperature sensitivity enhancement in Brillouin distributed sensing at low temperatures. Note that this phenomenon has never been reported before, presumably because the BFS behavior versus temperature is commonly linearly fitted within the entire range from 150 K to 300 K, so the observation of the temperature sensitivity enhancement around ∼ 220 K has been simply skipped. For example, all the data in Fig. 2 can still be fitted with a good linearity (R 2 = 0.996). The experimental results obtained by COTDR under different temperature conditions are presented in Fig. 3 . At room temperature, the temperature sensitivity reaches −1.46 GHz/K as shown in Fig. 3(a) , agreeing very well with the theoretical analysis of Section II. As expected an even higher sensitivity is observed around ∼ 227 K in Fig. 3(b) due to the thermally-induced coating strain, despite the decrease of the thermo-optic coefficient as the temperature reduces. In this case, the theoretical analysis underestimates the sensitivity by ∼ 13%.
Figs. 2 and 3 demonstrate that both measured frequency shifts Δf B and Δf R have good linear relations with temperature under different thermal environments. Experimental results match well with the theoretical predictions at room temperature for both sensing methods, but they turns to be ∼ 10% higher at ∼220 K compared to the theoretical analysis in Section II, which might also be explained by the inaccurate information about the actual coating parameters.
It has to be pointed out that the thermally-induced strain in the coating demonstrates its largest impact on the thermal response at ∼220 K because the Young's modulus of the primary coating stops increasing as the temperature reduces. Therefore, the temperature sensitivities of the two distributed fiber sensors become weak again below 220 K, as shown in Fig. 4 , because of the smaller acoustic velocity change with temperature for the Brillouin sensor [20] and the lower thermo-optic coefficient of silica for the coherent Rayleigh sensor [29] .
B. Experiments on SMF With Special Coatings
The impact of special coatings (metal and polymer) on the thermal response of the DFS is also investigated at room temperature in order to validate the thermomechanical model. Al and Ormocer coatings, with parameters shown in Table II , are chosen to represent metal and polymer, respectively. It has to be noted that the CTE of Ormocer is usually in the range from 1 to 1.3 × 10 −4 K −1 , so that a mean value is used in this case. Thus, the thermally-induced strain can be calculated based on the thermomechanical model. Consequently, temperature sensitivity of the Rayleigh sensor is enhanced up to −1.759 GHz/K by the Ormocer coating and the Al coating can improve the sensitivity of Brillouin sensing by 0.538 MHz/K.
The Al-coated fiber sample turns out to be too short (1.3 m) to carry out a meaningful COTDR measurement, so that the thermal response of this fiber is only characterized by Brillouin sensing. A double-pulse BOTDA scheme is implemented to achieve sub-meter resolution [33] . Short pump pulses (2 ns) are used to reach 20 cm spatial resolution. Note that the Al coating thickness varies within ±9 μm along the sample, so that the thermally-induced strain is not fully uniform along the entire fiber. Fig. 5 shows the average BFS value over the fiber, at ambient temperature. The obtained sensitivity is 1.495 MHz/K, matching very well the theoretical prediction.
To complete the picture, the thermal response of the Ormocer coated fiber is characterized using a COTDR system. Fig. 5(b) demonstrates that the frequency shift of the cross-correlated peak obtained in a coherent Rayleigh sensor has a good linear relationship with the temperature change, showing a sensitivity very close to the theoretically expected result (only ∼ 5% difference). A similarly enhanced response is expected for a Brillouin measurement.
IV. CONCLUSION
In this paper, the impact of different fiber coatings on the thermal response of DFSs has been theoretically analyzed making use of a thermomechanical model and experimentally validated by coherent Rayleigh and Brillouin sensing techniques at room and low temperatures. Experimental results demonstrate that the thermal expansion/shrinkage of the coating with large positive CTE results in a thermally-induced strain that transfers to the fiber and enhances the temperature sensitivity. In particular, in a standard dual-layer fiber coating, the temperature sensitivity increases at around ∼220 K when the primary coating increases its stiffness through a glass transition, while its influence is almost negligible at ambient temperature conditions due to the small Young's modulus of the primary coating. Consequently, special attention must be paid when using Rayleigh and Brillouin distributed optical fiber sensors at low temperatures, where a simple extrapolation from ambient response can lead to an erroneous predicted response. On the other hand, the SMFs with metallic coatings demonstrate enhanced thermal response even at room temperature. All the experimental results match the theoretical analysis reasonably, considering the large uncertainty in the real coating parameters.
Theoretical and experimental results demonstrate that the temperature sensitivity of DFS based on coherent Rayleigh and Brillouin scatterings can be adjusted using different coatings, so that an enhanced temperature sensitivity can be realized at cryogenic environment. In addition, the two distributed sensing techniques have the potential to measure the longitudinal nonuniformity of the fiber coating by measuring the local thermal response of the fiber.
